We describe conventional and high-resolution transmission electron microscopy ͑HRTEM͒ characterization of the microstructure of sputtered NiFe/Cu giant magnetoresistance spin valves ͑Cu/FeMn/NiFe/Cu/NiFe͒ sandwiched between thick Nb contact layers. Six spin valves, sputtered at different temperatures, three with thin ͑3 nm͒ and three with thick ͑24 and 30 nm͒ NiFe layers, were studied. All of the spin-valve layers were smooth and continuous, consisting of columnar grains generally 20-90 nm wide. In most cases, the grains had grown epitaxially from the bottom contact, through the entire multilayer, to the top contact layer. The columnar grains grew on the closest-packed planes ͑i.e., ͕110͖ planes for bcc Nb and ͕111͖ planes for fcc Cu, FeMn, and NiFe spin-valve components͒. This epitaxial growth yields an apparent Kurdjumov-Sachs ͕111͖ fcc ʈ ͕110͖ bcc ; ͗110͘ fcc ʈ ͗111͘ bcc orientation relationship. However, HRTEM imaging supported by fast Fourier transform analysis reveals that in some of the columnar grains the Cu, FeMn, and NiFe layers take up a nonequilibrium bcc structure. In these cases, the bcc Cu, FeMn, and NiFe layers grow on ͕110͖ planes and are epitaxial with the Nb contacts for the individual grain columns. While bcc Cu has been observed elsewhere, the length scale of the nonequilibrium bcc phases reported here is an order of magnitude greater than previously observed.
I. INTRODUCTION
Multilayer structures that display giant magnetoresistance ͑GMR͒ are now receiving considerable interest as sensors and information storage devices. 1 Of particular importance as a component in devices is Permalloy™ (PyϭNi 1Ϫx Fe x with xϳ0.2͒, because of its low coercive field. 2 Control of the magnetic order in devices is often achieved using an exchange-biased spin valve ͑for short, ''spin valve''͒ of the form ͓AF/F/N/F͔. 2, 3 Here, an antiferromagnetic material ͑AF͒ is used to exchange bias the coercive and saturation fields of an adjacent ferromagnetic metal ͑F͒ layer ͑the pinned layer͒ to higher values than those of a second F layer ͑the free layer͒ separated from the first by an intervening nonmagnetic metal ͑N͒. The magnetizations of the two F layers can first be made to align parallel to each other by raising an external field to above the saturation field of the pinned F layer, and then switched to antiparallel alignment by reversing the field to just beyond the saturation field of the free F layer. The spin valves examined in the present study had the form Fe 0.5 Mn 0.5 /Py/Cu/Py, with xϭ0.16 in the Py.
There is great interest in determining the sensitivity of GMR to the layer and interface structure at the atomic level. 4 The present study began as an attempt to correlate the GMR of sputtered spin valves with the microscopic interfacial structures determined by conventional ͑CTEM͒ and highresolution transmission electron microscopy ͑HRTEM͒. CTEM allows characterization of microstructural features such as crystallographic epitaxy and texture, layer quality, and interfacial roughness. HRTEM, with associated quantitative image analysis, allows extraction of structural information at the atomic scale. 5, 6 Our interest lies especially in samples grown between 250-nm-thick Nb layers, used to produce uniform current flow through the spin valve in a current perpendicular to the plane ͑CPP͒ geometry. 7 This often allows most direct access to the microscopic transport parameters that underly GMR and, more generally, spin-polarized transport. In initial HRTEM studies we discovered, to our surprise, that some of the columns of sputtered spin valves did not adopt the equilibrium fcc crystal structures expected for FeMn and Cu and the related L1 2 structure of Py. Instead, within these columns the spin valve grew epitaxially in a bcc structure between the thick bcc Nb layers. This discovery led us to reorient our studies for the moment to see if observation of this phenomenon was unique to our initial samples, or was more widespread and, if the latter, to try to establish whether certain growth conditions facilitate such behavior. In this article we report CTEM and HRTEM studies, including image simulations using fast Fourier transform ͑FFT͒ diffractogram analysis, for six different spin valves, with two different Py thicknesses, grown at substrate temperatures ranging from Ϫ65 to 22°C. Some bcc structures were seen in four of the spin valves, all three with thick Py layers and one with thin Py layers. While the other two samples with thin Py layers did not show any such structures, only four regions of each could be examined, so it is possible that bcc regions were missed due to small statistics.
To check the overall prevalence of bcc structures, some samples were also investigated by x-ray absorption fine structure ͑EXAFS͒ and one by x-ray analysis with components of the wave-vector transfer both in plane and out of plane. Ni k-edge EXAFS showed that the local atomic structure around the majority Ni atoms in the Py was predominantly fcc. The x rays gave a dominant fcc structure for the multilayer with the growth direction along the expected ͗111͘ axis, perpendicular to the closest-packed planes. From these measurements, plus the transmission electron microscopy ͑TEM͒ studies, we conclude that any bcc columns are a minority in any of the samples. Only the first two samples were prepared in the complex form needed for CPP-MR measurements. 7 Such samples are inconvenient for TEM studies, because the TEM sample must be prepared from only a central square mm portion of the sample. To provide more usable material for the nontrivial preparation required for the TEM studies, the other four samples were made by sputtering the components uniformly over the ϳ1 cm 2 area of a substrate. Although one of the two spin valves on which CPP-MRs could be measured showed bcc columns, and the other did not, the CPP-MRs for both were consistent with each other and with measurements on related samples. 8 At this point, we have no clear evidence that the bcc domains are either prevalent enough, or produce large enough changes in CPP-MR, to significantly affect CPP-MR data, but further studies are planned.
The rest of this article is organized as follows. Section II describes our experimental procedures. Section III describes our CTEM and HRTEM results, and the FFT analysis of our HRTEM results. Here, we also discuss the analysis in more detail and relate our results to other published studies of metastable layers in multilayers. Section IV contains a brief summary and our conclusions. The top and bottom Nb layers serve as superconducting contacts for perpendicular resistance measurements. 8 The sputtering took place using a chilled substrate stage. Using this stage, the sample temperature tends to increase a few degrees during the sputtering. The initial temperatures were approximately Ϫ56, Ϫ33, and 18°C for the three spin valves with thin ͑3 nm͒ Py layers and Ϫ65, 6.5, and 22°C for those with thick ͑24 or 30 nm͒ Py layers.
II. EXPERIMENT
Cross-sectional TEM samples were produced by cutting the spin valves in two with a diamond wafering saw, sandwiching the two halves face to face with epoxy resin, and cutting the cross sections using the diamond saw. These cross sections were then prethinned using a VCR D500i electronically damped dimpler and low-angle ion milled ͑2°-4°͒ to electron transparency using a Gatan precision ion polishing system ͑PIPS͒.
CTEM observations were performed using a Hitachi H-800 operated at 200 kV. Both bright-and dark-field imaging were carried out in conjunction with selected area diffraction. High-resolution transmission electron images were obtained at 400 kV using a JEOL-4000EX. HRTEM was carried out at near Scherzer defocus conditions. Fast Fourier transform analysis was accomplished by first digitizing selected areas of HRTEM constant magnification prints using a flat-bed scanner, then processing using the NIH Image image analysis program. 8 HRTEM image simulations were carried out using the EMS software package. 9 Bloch wave image simulations of the expected HRTEM images for the fcc ͑equilibrium͒ and bcc ͑nonequilibrium͒ forms of copper were run for the focus range, thicknesses, and specimen tilts likely to be encountered in experimental observations.
For comparison with the TEM analysis, some samples were also investigated by EXAFS, and one by x-ray analysis with components of the wave-vector transfer both in plane and out of plane. Ni k-edge EXAFS showed that the local atomic structure around the majority Ni in the Py was predominantly fcc. The in-plane x rays also gave a dominant fcc structure for the multilayer, and x rays also confirmed that the growth direction was the expected ͗111͘ axis, perpendicular to the closest-packed planes.
III. RESULTS AND DISCUSSION
A. CTEM analysis CTEM was used to characterize the overall structures of the spin-valve multilayers. Figure 1 shows a cross-sectional bright-field/dark-field image pair of the spin valve with 30 nm Py layers sputtered at 6.5°C and Fig. 2 shows a brightfield image of the spin valve with 3 nm Py layers sputtered at Ϫ56°C. In all three images, the Si substrate, the top and bottom Nb contacts, and the spin-valve multilayer, can all be clearly distinguished. The Nb contacts and the spin valve appear to be continuous, polycrystalline, and uniform in thickness. Unfortunately, because of the low mass and diffraction contrasts between FeMn (Zϭ25.5), Py (Zϭ27.7), and Cu (Zϭ29), the individual layers within the spin valve are not readily resolved. The dark-field image ͓Fig. 1͑b͔͒, which was taken with an arbitrary diffraction direction, helps to establish some structural characteristics. The samples grow mostly in columns, with a wide range of widths perpendicular to the growth direction, extending up to 90 nm. The individual columns generally start in the bottom Nb contact. In most cases, epitaxy within these columns continues into, and sometimes through, the spin valves. In some cases, abrupt changes in image intensity ͑due to changes in diffraction contrast͒ at the Nb/spin-valve interfaces indicate significant changes in orientation and loss of strict epitaxy during the growth process. Similar structures to those in Fig. 1 were seen in all four of the other spin-valve samples. Figure 3 shows a cross-sectional HRTEM image of the Cu/FeMn/Py/Cu/Py spin valve with 3 nm Py layers sputtered at Ϫ56°C. On this scale, it is apparent that the interfaces between the Nb contacts and the spin valve are wavy, displaying some interfacial roughness. The first Cu layer and FeMn layer are now weakly visible. The other individual layers are not readily distinguishable due to weak mass contrast. Consequently, only the nominal locations of the individual spin-valve layers are indicated. Both the Nb contacts and the spin valve appear polycrystalline with columnar grains, consistent with the CTEM observations. While most of the grains display lattice fringes running perpendicular to the growth direction, only a fraction of the cross section is oriented to zones favorable for HRTEM structural imaging. In addition to lattice image contrast, significant numbers of Moiré fringes appear on the image due to overlapping of grains in the cross-sectional TEM sample. Numerous dislocations, twins, and stacking faults can also be seen. A HR-TEM micrograph of a typical stacking fault in the second Cu To more fully assess the structures seen in the HRTEM images, fast Fourier transform diffractograms were taken from selected areas within the nominal layer locations. These diffractograms allowed accurate analysis of the lattice parameters and interplanar angles of the different spin-valve layers. An example of this type of analysis is shown in Figs. 5 and 6 for the spin valve with 3 nm Py layers sputtered at Ϫ56°C. To calibrate the FFTs, the Nb contacts have been used as internal standards. Figure 5 shows selected areas from the Nb contacts and their corresponding FFT diffractograms, which effectively give the diffraction patterns from these areas. The FFT patterns of the top and bottom Nb contacts show that these grains are imaged in ͗111͘ orientations, characterized by the 60°interplanar angles. The characteristic diffraction spots are ͕110͖ type ͑the first reflections allowed for bcc materials and the first diffraction vectors which lie in the ͕111͖ zone͒. In both the top and bottom Nb contacts, the growth directions are close to ͗110͘, indicating the growth and subsequent epitaxy on the ͕110͖ ͑closest-packed͒ bcc planes. The equilibrium ͕110͖ interplanar spacing for bulk Nb is 0.234 nm (a Nb ϭ0.331 nm). From this value the spacing of the ͕110͖ spots has been used to calibrate an effective camera length for the subsequent FFTs.
B. HRTEM and FFT analysis

Spin valves with thin Py layers
The layers within a large number of columnar grains from the spin-valve layers have been analyzed, examples of which are shown in Fig. 6 . Beginning with the first Cu layer, the measured angles are 55°, 55°, and 70°, indicating that the HRTEM image corresponds with a ͗110͘ fcc zone. The interplanar spacing of the ͕111͖ planes is measured to be 0.207 nm, which corresponds to a fcc lattice parameter of 0.359 nm. This is very close to the bulk value of 0.361 nm for fcc Cu. A consistent analysis is found for the second Cu layer. In both cases, the growth direction is near ͗111͘. Using the same approach, the FeMn and the Py layers were also found to display fcc or L1 2 structures, respectively, with ͗111͘ growth directions ͑the superlattice reflections from the NiFe L1 2 structure are extremely weak͒. This behavior suggests that the closest-packed ͕111͖ planes in the fcc Cu, FeMn, and L1 2 Py layers are epitaxial with the closest-packed ͕110͖ planes in the bcc Nb contacts. The ͕111͖ interplanar spacings are measured to be 0.210 nm for FeMn and 0.204 nm for Py, which correspond to lattice parameters of 0.364 nm (a FeMn ϭ0.363 nm) and 0.353 nm (a Py ϭ0.355 nm).
Similar imaging and analysis was carried out on the spin valve with 3 nm Py layers sputtered at Ϫ33°C. A crosssectional HRTEM image of this material ͑Fig. 7͒ again shows that the interfaces between the spin valve and Nb contacts are wavy, and that the individual component layers within the spin valve cannot be clearly identified. Once again, full structural images cannot be resolved in all of the grains, but lattice fringes with consistent spacing can be seen running perpendicular to the growth direction in the bottom Nb contact, the spin valve, and the top Nb contact. This suggests epitaxial growth throughout the structure. Some defects can also be seen in the images, such as dislocations, twins, and stacking faults.
In grains oriented favorably for structural imaging, some columnar grains are found to display interplanar angles of 55°and 70°͑indicative of ͗110͘ cubic zones͒ within the spin valve, while other columns display interplanar angles of 60°͑ indicative of ͗111͘ cubic zones͒. While the observation of the ͗110͘ symmetry is expected, and consistent with the expectation of fcc and L1 2 structures for the Cu, FeMn, and Py layers, the observation of the structural images displaying ͗111͘ cubic symmetry ͑as shown in right side of Fig. 7͒ is very surprising. All of the spin-valve components have the fcc or the fcc derivative L1 2 structure in their bulk states. However, due to instrument resolution limitations, it should be difficult, if not impossible, to resolve the atomic structure of the ͗111͘ orientation in these materials. The JEOL-4000EX used in this study has a Scherzer resolution of 0.17 nm with an information limit of approximately 0.14 nm; obtaining images at resolutions near these limits can be very difficult. Table I shows the projected atom column spacing ͑the limiting spacing to be resolved͒ of the materials examined in this study for the ͗111͘ and ͗110͘ zone axes. Table I shows these spacings, assuming the equilibrium structures, along with the spacing expected if they are assumed to take up nonequilibrium bcc structures ͑the nonequilibrium spacings have been calculated based on a simple hard-sphere atomic modeling approach to determine the atomic radii͒. Table I illustrates that for the fcc structures, the projected point-to-point spacings of the atomic columns are well above the resolution limits of the instrument for the ͗110͘ zones, but well below the Scherzer limit, and very close to the information limit for the ͗111͘ zones. Conversely, if bcc structures are considered, the ͗111͘ zones can be readily imaged, while the ͗110͘ zones will be very difficult to resolve. Thus, the observation of ͗111͘ symmetry in the HRTEM images suggests crystal structures other than fcc, while observations of ͗110͘ symmetry in the images indicates non-bcc structures. This concept is further supported by the HRTEM image simulations. Figure 8 shows a series of HRTEM image simulations comparing the image characteristics of the ͗111͘ and ͗110͘ zones for both fcc and bcc structures for the range of specimen thicknesses and image foci encountered experimentally. The amplitudes of the ͗111͘ fcc and ͗110͘ bcc structure images are so low as to render them effectively unresolvable in practice. Figure 9 shows FFT diffractograms taken from selected areas within the nominal layer locations in this spin valve . However, these reflections cannot appear in ͗111͘ zone patterns. Thus, the observed structures cannot be the equilibrium fcc or L1 2 structures. If it is assumed that these column spin-valve layers have instead taken on the bcc structure, the measured interplanar spacings ͑based on the hard-sphere model͒ are consistent with those expected for ͕110͖ bcc reflections. Furthermore, while it is not possible to resolve ͗111͘ zones in fcc Cu, FeMn, and Py, bcc forms of those materials can be resolved in ͗111͘ orientations ͑Table I͒. Thus, this analysis is consistent with the Cu, FeMn, and Py layers taking up nonequilibrium bcc structures in this spin valve. Approximately six grain columns were examined in studying this spin valve. Of these, two were found to display the bcc structure, while the rest displayed the equilibrium fcc structure. When either bcc or fcc structures were identified, the structure was maintained across the entire spin valve within that particular grain column.
A similar analysis of the spin valves with 3 nm Py layers sputtered at Ϫ33 and 18°C also revealed wavy interfaces between the polycrystalline Nb contacts and the spin valve, and weak contrast between the individual layers. The FFT analysis indicated that both Nb contacts and the spin valve appear in the equilibrium structures ͑bcc for Nb and fcc for spin valves͒ with the close-packed ͕111͖ planes in the fcc Cu, FeMn, and Py layers epitaxial with the closest-packed ͕110͖ planes in the bcc Nb. No bcc structures were found for these two spin valves. But since only four grain columns could be characterized in each sample, it is possible that nonequilibrium structures are present, but were not found in the small number of observations.
Spin valves with thick Py layers
In general, the spin valves with thicker Py layers all displayed similar structures, including the existence of nonequilibrium structures in some columnar grains. A crosssectional HRTEM image of the spin valve with 30 nm Py layers sputtered at Ϫ65°C ͑Fig. 10͒ again shows excellent contrast between the polycrystalline Nb contacts and the spin valve, but weak contrast between the individual layers. A   FIG. 8 . Bloch wave HRTEM simulations of copper in the fcc and bcc forms described in Table I . The images simulate those viewed on a JEOL 4000 EX ͑400 keV, C s 1.1 mm, beam-convergence semiangle 0.72 mrad, objective aperture 19 nm
Ϫ1
, focus spread 9 nm, Scherzer defocus 52.08 nm͒. The projected potential for each structure and orientation is printed in the lower-right corner of each simulation montage. All images were printed using identical brightness and contrast ranges. ͑A͒ fcc copper viewed along a ͗110͘ zone axis with specimen thickness and focus below Gaussian illustrated. ͑B͒ fcc copper viewed along a ͗111͘ axis using identical operating conditions. ͑C͒ The nonequilibrium bcc copper structure viewed along a ͗110͘ axis. ͑D͒ The nonequilibrium bcc copper structure viewed along a ͗111͘ axis. Although the microscope should allow the pass of fcc ͗111͘ and bcc ͗110͘ image information, in practice, these images ͑especially fcc ͗111͘ ͒ are likely to be unresolved due to the very low amplitude ͑Ϸ0.07 of the average ͗110͘ axis in the simulated images͒ of the passed frequencies in this range.
high density of planar defects such as stacking faults and twins are evident in some columnar grains ͑in fact, these appear only in the fcc grains͒. A typical twin with a ͕111͖ coherent twin boundary from the second Py layer is shown in Fig. 11 . As might be expected, some twin interfaces are parallel with the growth plane. However, twins are also observed on other ͕111͖ planes inclined to the growth direction.
Characterization of the Nb contacts shows that, as expected, the Nb has grown with the bcc structure on the closestpacked ͕110͖ planes ͑͗110͘ wire texture͒.
As noted, HRTEM imaging and FFT analysis revealed both equilibrium fcc and nonequilibrium bcc structures in all three spin valves with thick Py layers. As was the case in the thinner spin valves, entire grain columns displayed the same structure across the spin valve. Figure 12 shows selected areas and their corresponding diffractograms from the spin valve with 30 nm Py layers sputtered at 6.5°C. The resolvable zones of this columnar grain in the Cu, FeMn, and Py layers are all characterized by 60°interplanar angles, indicating ͗111͘ zone axes. As explained earlier, the atomic structure for Cu, FeMn, and Py cannot be readily resolved along ͗111͘ zones. Likewise, the interplanar spacing of 0.21 nm is not consistent with allowed reflections in fcc and L1 2 ͗111͘ zone patterns. Therefore, the spin valve appears to have some nonequilibrium bcc columnar grains. These grains grow on the ͕110͖ closest-packed planes throughout the columnar grains. Likewise, in the spin valve with 30 nm Py layers sputtered at Ϫ65°C and with 24 nm Py layers sputtered at 22°C, resolvable ͗111͘ zones and corresponding bcc FFT diffractograms are found in some of the columnar grains ͑Fig. 13͒. This indicates that both of the spin valves can have the nonequilibrium bcc structures.
C. Analysis of nonequilibrium structures
In all of the spin valves examined, growth appears to have occurred on the closest-packed atomic planes; ͕110͖ planes in bcc and ͕111͖ planes in fcc. Such growth is expected since the close-packed planes are typically characterized by low surface energies. However, the finding of nonequilibrium bcc forms of the spin-valve components Cu, FeMn, and Py in some grain columns, is somewhat surprising, and requires further discussion. Initially, it might be suspected that these findings are a consequence of chemical variations within the layers which might lead to changes in crystal structure. However, high-resolution energy dispersive x-ray spectroscopy studies we have performed on similarly grown Ag/Py spin valves, using a field-emission gun scanning transmission electron microscope show that the layers are well defined chemically. Little or no interfacial mixing beyond the instrumental resolution of ϳ1 nm, and chemistries representative of the intended values in the interiors of the layers, away from the boundaries were observed. 10 As the spin valves in the present study were all sputtered under similar conditions, differing only in the substitution of Cu for Ag, it is unlikely that chemical variations within the layers are responsible for the layers taking up nonequilibrium forms.
The HRTEM image simulations and FFT analysis clearly show that the Cu, FeMn, and Py in the spin valve with 3 nm Py layers sputtered at Ϫ33°C, and all of the three spin valves with thick Py layers, display some columnar grains that are not in their equilibrium fcc forms. The supposition that nonequilibrium structures occur in some of the spin valves follows from the identification of 60°interplanar angles in the HRTEM images and FFT analysis characteristic of cubic ͗111͘ zone axes, which cannot be resolved in the fcc structures. Furthermore, it should be recalled that these zone axes with threefold symmetry ͑actually, six in the FFTs due to Ϯg reflections͒ are identified in the cross-sectional orientation and the growth planes must lie close to perpendicular to this orientation. However, if the materials were fcc, the growth planes could not be ͕111͖ planes, as the angles between ͕111͖ planes in cubic materials are 70.5°and 109.5°. This is unlikely and inconsistent with the observed characteristic growth when fcc phases are present.
While it is clear that the layers noted above are not in their equilibrium forms, the suggestion that they have taken up the bcc crystal structure is thus far based only on the fact that the analysis is consistent with an assumed bcc structure. Thus, the conclusion that the layers are truly taking up bcc structures needs further justification. The key is again based on the observation of the threefold symmetry of the HRTEM images in these layers. Such threefold symmetry can only be displayed by cubic ͑which display four threefold axes͒, hexagonal ͑truly sixfold symmetry͒, and rhombohedral crystal structures. However, if these layers were taking up a hexagonal structure, the growth direction perpendicular to the observed threefold axes would be of the form ͕XXX0͖. These planes of the ͓0001͔ zone in general have low packing densities, with a maximum packing factors of 0.556 on the ͕1120͖ planes and 0.481 on the ͕1010͖ planes ͑as opposed to the maximum possible of 0.908 for ͕111͖ planes in fcc and ͕0001͖ planes in hcp͒. It is thermodynamically unlikely that growth would occur on such low-density planes. Similarly, if the layers took up a rhombohedral structure, the growth planes would have to be low-density irrational planes. In contrast, if the nonequilibrium layers take up bcc structures, the growth can occur on ͕110͖ planes that are high density ͑packing factor of 0.833͒ and perpendicular to the observed threefold zone axes. This situation is consistent with the observations noted above. Epitaxial strains associated with the layer interfaces are the likely cause of the layers taking up nonequilibrium structures. The interfacial characteristics of ͕111͖ fcc :͕110͖ bcc interfaces have been studied extensively, beginning with the well-known Nishiyama-Wasserman 15 who found that a wide range of rotations around the ͕111͖ fcc :͕110͖ bcc normals could occur depending on the ratio of fcc-to-bcc lattice parameters. In all cases, only small regions of good matching at the interface can be achieved, separated by interfacial misfit dislocations and structural ledges. Consequently, the energies associated with the interfaces will be a function of the ratio of fcc and bcc lattice parameters. In the present study, it would appear that the fcc/bcc interfaces are close to the Kurdjumov-Sachs orientation as the ͗110͘ fcc zones are imaged simultaneously with the ͗111͘ bcc zones in the same columns. However, slight deviations from the actual zone axis 16 can be present and still result in HRTEM structural images as in Fig. 14 . Thus, in practice, it can only be concluded that the observed interfaces are within ϳ4°of the Kurdjumov-Sachs orientation. As the Nishiyama-Wasserman orientation is actually only 5.27°from the Kurdjumov-Sachs orientation, it is impractical to distinguish these using HRTEM.
It is expected ͑and found͒ that both top and bottom Nb contacts have taken up their bulk bcc forms. As a result, both the first Cu layer and second Py layer will have misfit strains associated with their Nb interfaces if they take up their bulk fcc ͑and L1 2 ͒ crystal structures. These interfacial strains may be decreased if these layers instead take up nonequilibrium bcc structures. However, the decrease in strain energy is offset by an increase in the volume free energy associated with the nonequilibrium structure, and as the layer thickness increases, the volume free energy becomes dominant. In the case of Cu, it has been shown using full-potential muffin-tin orbital calculations 17 that the bcc structure has an energy only about 0.01 eV/atom greater than the equilibrium fcc form. Thus, the balance between bcc and fcc Cu might easily be shifted by interfacial strain. Mitchell et al. 18 have used the critical thickness d c for the loss of coherency ͑i.e., the thickness at which the coherency of the interface begins to be disrupted by the requirement of interfacial dislocations͒ as a criterion for the point at which the crystal structure of a thin layer will revert to its equilibrium structure. This critical thickness has been given as
where b is the Burgers vector of the interfacial dislocations, ⑀ 0 is the misfit strain, and ␣ is a geometric constant approximately equal to 4. For Nb/Cu multilayers, Mitchell et al. 18 have determined this thickness to be only a few atomic layers, depending on the value of ␣. While this thickness was used as a general parameter for the point where the breakdown of the coherent Nb bcc /Cu bcc would occur, it only considers the point at which dislocations will begin to be incorporated into the interface. It does not consider the relative energies of the Nb bcc /Cu bcc and Nb bcc /Cu fcc interfaces. Thus, this parameter can give only a general indication of the point at which the interface loses coherency, which might lead to the transition from the nonequilibrium bcc to the equilibrium fcc structure for the Cu. However, it does suggest that the thicknesses of the bcc Cu observed in the present study are well beyond that at which coherency should exist.
While the observation of bcc Cu may be surprising, it is not unprecedented. The first observation of bcc Cu was reported in 1973 by Goodman, Brenner, and Low 19 for an Fe-1.4 at. % Cu alloy where coherent Cu precipitates up to 5.0 nm in diameter were identified in the bcc Fe matrix using field-ion microscopy. Since then, a number of other findings of fine-scale bcc Cu have been reported. Using reflection high-energy electron diffraction ͑RHEED͒ Heinrich et al. 20 identified ͑001͒-oriented bcc Cu epitaxially grown on ͑001͒ bcc Fe. In Fe͑001͒/Cu͑001͒/Fe͑001͒ trilayers, bcc Cu with thicknesses between 6 and 12 monolayers ͑ϳ0.9-1.8 nm͒ were grown. In Fe/Cu multilayers ͑60 bilayers͒ with 1.5-nmthick Fe layers, Pizzini et al. 21 found Cu in the bcc form in layers up to 1.3 nm thick using x-ray adsorption spectroscopy ͑XAS͒. More recently, HRTEM has been used to characterize bcc Cu in Cu/Nb multilayers. 18, 22 In these studies, the bcc Cu was found to grow pseudomorphically on the bcc Nb for Cu thicknesses up to 1.2 nm. For thicker layers, the Cu took up a fcc structure with a Kurdjumov-Sachs relationship with the Nb layers.
In contrast to the existence of bcc Cu at very fine scales that has been established, the scale observed in the present study is much larger. The two Cu bcc layers in the spin valves are 10 and 20 nm thick, approximately an order of magnitude greater than previously observed. When the bcc FeMn and Py layers are considered in the spin valves, the total thickness of all of the nonequilibrium grain columns FIG. 14. Bloch wave HRTEM simulations ͑using the same microscope conditions as in Fig. 8͒ of the effects of specimen tilt on the resulting image for a representative crystal viewed at various foci near Scherzer defocus. ͑A͒ fcc ͑Ϸ6-nm-thick͒ copper viewed along a ͗110͘ axis with the specimen tilted, progressively, parallel to the ͕111͖ growth planes. ͑B͒ bcc ͑Ϸ7-nmthick͒ niobium viewed along a ͗111͘ axis with the crystal tilted tilted, progressively, parallel to the ͕110͖ growth planes. Although there is a distortion in the shape of the atom column images, the overall arrangement and lattice spacing remains unambiguous through at least 3.5°of tilt for copper and 1.4°for niobium.
reaches approximately 44 nm in the spin valve with 3 nm Py layers and 98 nm in the spin valves with thick Py layers. At present, it is not clear why the bcc structure exists to such large thicknesses in these spin valves.
Low target temperatures during sputtering might be suspected to contribute to the formation of nonequilibrium phases. However, these temperature variations do not seem to have influenced the formation of the bcc phases in the present study. Sputtering on targets with temperatures ranging from Ϫ65 to ϩ22°C have all resulted in some of the grain columns taking up nonequilibrium bcc structures. Mitchell et al. 18 suggest that the transformation from bcc to fcc in thin layers of Cu occurs martensitically, not diffusely. A low sputtering temperature would not be expected to restrict this transformation. It is worth noting that in the Nb/Cu multilayers 18, 22 the bcc Cu was found to have a lattice parameter of 0.328Ϯ0.007 nm, which is very close to the bulk value of bcc Nb of 0.331 nm. In the present study, the value of the lattice parameter of the bcc Cu measured from the FFTs is approximately 0.29 nm, close to calculated values of 0.287 and 0.296 nm. 23, 24 This suggests that significantly more relaxation of the bcc Cu has taken place in the present study than in the Nb/Cu multilayers examined by Mitchell and co-workers. 18, 22 Further, it is interesting to note that the bcc structures investigated here display a significant degree of stability. Neither the energy imparted by ion milling during thin foil preparation nor electron-beam radiation during CTEM or HRTEM examination has resulted in rearrangement to the equilibrium fcc structure.
IV. SUMMARY
The major conclusions of this work may be summarized as follows. The structures of Cu/Py GMR spin valves with different Py thickness sputtered at different temperatures have been characterized using HRTEM and CTEM complemented with HRTEM image simulations and FFT analysis techniques. All of the spin valves displayed polycrystalline structures with columnar grains. The grains have grown on the close-packed planes ͕͑110͖ planes in the bcc Nb contacts and ͕111͖ planes in the fcc Cu, FeMn, and Py spin-valve layers͒ taking up a near-Kurdjumov-Sachs ͕111͖ fcc ʈ ͕110͖ bcc ;͗110͘ fcc ʈ ͗111͘ bcc orientation relationship. The FFT analysis and HRTEM image simulations indicate that in some of the columnar grains, the Cu, FeMn, and Py take up nonequilibrium bcc structures, regardless of different layer thicknesses and sputtering temperatures, extending all the way through 34-90 nm thick spin valves. In these cases, the bcc Cu, FeMn, and Py layers grew on ͕110͖ planes and were epitaxial with the Nb contacts.
